Abstract. Using three meteorological reanalyses and three outgoing long-wave radiation (OLR) datasets, we show that the Hadley circulation has a significant expansion of about 2 to 4.5 degrees of latitude since 1979. The three reanalyses all indicate that the poleward expansion of the Hadley circulation in each hemisphere occurs during its summer and fall seasons. Results from the OLR datasets do not have such seasonality. The expansion of the Hadley circulation implies a poleward expansion of the band of subtropical subsidence, leading to enhanced mid-latitude tropospheric warming and poleward shifts of the subtropical dry zone. This would contribute to an increased frequency of midlatitude droughts in both hemispheres.
Introduction
The Hadley circulation is a thermally driven meridional circulation. Warmer tropical air rises due to the release of latent heat and flows poleward in both hemispheres. Air then cools in the subtropics, sinks and flows back to the tropics, generating an enclosed circulation in each hemisphere. The Hadley circulation is fundamentally important to the climate system and its changes have important impacts on global climate (Diaz and Bradley, 2004) . Recent studies are concerned with multi-decadal changes of the Hadley circulation with respect to its intensity. Using outgoing longwave radiation (OLR) datasets from the Earth Radiation Budget Experiment (ERBE), Chen et al. (2002) and Wielicki et al. (2002) suggested that the Hadley circulation was intensified in the 1990s. Using reanalysis datasets, Quan et al. (2002) , Hu et al. (2005) and Mitas and Clement (2005) showed that the winter cell of the Hadley circulation has large intensification in the past few decades. However, whether the intensification of the Hadley cell as suggested by some of these studies
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On the other hand, results from several recent studies suggest that the Hadley circulation has poleward expansion since 1979. Based on satellite-borne microwave sounding unit (MSU) data, Fu et al. (2006) showed an enhanced warming in the mid-latitude troposphere. Such a change in tropospheric temperature fields indicates a poleward shift in the maximum horizontal temperature gradient and thus implies a poleward shift of subtropical jet streams. Since the location of the subtropical jet stream marks the poleward edge of the Hadley circulation, Fu et al. (2006) suggest a broadening of the tropics. In studying Northern-Hemisphere midlatitude total ozone trends, Hudson et al. (2006) found that the subtropical upper tropospheric front shifted poleward by about 2.75 degree latitudes over , which also implies a poleward shift of the tropospheric subtropical jet stream. Through an analysis of tropopause heights in the subtropics using radiosonde measurements and reanalysis data, Seidel and Randel (2007) 1 found an expansion of the tropical belt for about 4.25 degree latitudes during 1979-2005. In this study, we use three meteorological reanalysis datasets to show the direct evidence that the Hadley circulation indeed has a poleward expansion in both hemispheres in the recent few decades. We also examine the Hadley cell expansion by analyzing three OLR datasets. We compare the results from reanalyses with those from OLR and MSU datasets to examine the consistency among results based on different observational quantities. Data and methods used in this study are described in Sect. 2. Results from reanalysis datasets are in Sect. 3. Results based on OLR and MSU datasets are presented in Sect. 4. Discussion and conclusions are in Sect. 5. Fig. 1 . Time evolution of zonal mean meridional mass streamfunction (MMS) at 500 hPa in NH for September-November (SON) from three reanalyses. The unit of MMS is 1.0×10 10 kg s −1 and the color interval is 2.0×10 10 kg s −1 .
Data and methods
The three reanalysis datasets used in this study are from the European Centre for Medium-Range Weather Forecasts (Uppala et al., 2005) , the National Center for Environmental Prediction/National Center for Atmospheric Research (Kalnay et al., 1996) and the National Center for Environmental Prediction/Department of Energy (Kanamitsu et al., 2002) . For simplicity, they are denoted by ERA40, NCEP/NCAR, and NCEP/DOE, respectively. The ERA40 reanalysis used here is from January 1979 to August 2002 (24 years), and NCEP/NCAR and NCEP/DOE reanalyses are from January 1979 to December 2005 (27 years). In the analyses of these three datasets, we use the mean meridional mass stream-function (MMS) to characterize the Hadley circulation. MMS is obtained by vertically integrating monthly meridional winds in the conventional way (Holton, 1994) . Clockwise circulation (the northern cell) is defined as positive, and anti-clockwise circulation (the southern cell) is defined as negative. The locations of poleward edges of the Hadley circulation are identified as the latitudes where MMS equals 0 kg s −1 , which are obtained using linear interpolation. Poleward expansion since 1979 is estimated by calculating linear trends of the edge latitudes. The total expansion of the Hadley circulation is then obtained from the summation of the trends in these edge latitudes in Northern Hemisphere (NH) and Southern Hemisphere (SH).
The three OLR records used here are the HighResolution Infrared Radiation Sounder (HIRS) Pathfinder dataset (Mehta and Susskind, 1999) , the International Satellite Cloud Climatology Project (ISCCP) version FD dataset (Zhang et al., 2004) , and the Global Energy and Water Cycle Experiment (GEWEX) Radiative Flux Assessment (RFA) dataset (Stackhouse, 2004) . The periods are from December 1979 to August 2003 for HIRS (24 years) and from December 1983 to November 2004 for the ISCCP and GEWEX datasets (21 years). Although the most reliable long-term OLR record is from the active cavity broadband non-scanner wide field of view instruments on the Earth Radiation Budget Satellite (ERBS) (Wong et al., 2006) , we did not use this dataset because of its low horizontal resolution. However, it is shown that the observed decadal changes in the HIRS Pathfinder OLR and the ISCCP FD record are similar to the OLR changes from ERBS (Wong et al., 2006) . The subsidence regions associated with the Hadley circulation, due to their dry troposphere and lack of high clouds, can be identified as the region with high OLR. For the OLR records the locations of the poleward edges of the Hadley circulation are defined as the most poleward latitudes where the zonal-mean OLR equals 250 W m −2 . In this study all variables are analyzed in terms of zonally averaged values. Figure 1 shows the MMS latitude-time plots on the 500 hPa pressure surface for September-November (SON) season (autumn) from the three reanalyses. The band with colors from yellow to dark red indicates the time evolution of the northern branch of the Hadley circulation and the blue band over the tropics is part of the southern branch. In all three plots, the northern edge of the tan band exhibits a systematic poleward trend from 1979 onward. For ERA40, the linear trend in the location of the northern edge is about 2.1 • latitude from 1979 to 2002, with a statistical significance above the 95% confidence level (student t-test value is 2.32). For NCEP/NCAR and NCEP/DOE, the poleward extensions are 1.9 • and 2.5 • of latitude from 1979 to 2005, respectively, with a statistical significance above the 98% confidence level (student t-test values are about 2.52). From Fig. 1 , we can find that the poleward extension of the northern Hadley cir- culation branch appears to be a systematic robust feature of the analyses, but not to be caused due to the Southern Oscillation/El Nino events. In addition, the significant poleward expansion is not limited over the period since 1979. It is also found in ERA40 and NCEP/NCAR reanalyses since the 1950s. Because reanalyses before 1979 are less reliable due to not including satellite observations, trend analyses before 1979 are not shown. Moreover, to compare with the results derived from OLR datasets, we focus on the period for .
Poleward expansion in reanalyses
A poleward extension is also found for the southern Hadley-circulation branch. Figure 2 shows the latitude-time plot of the Southern Hemisphere (SH) MMS at 500 hPa for March-May (MAM) season (autumn) from the same three reanalyses. The band with colors from shallow to dark blue indicates the time evolution of the southern branch of the Hadley circulation. Similar to that of the northern branch, the poleward edges of the southern branch in all the three datasets demonstrate systematic southward expansions. The largest southward expansion is found in NCEP/DOE, with magnitude close to 3.0 degree latitudes over the 27 years. All the trends are statistically significant.
Trends in edge latitudes, averaged from 400 to 600 hPa, for four seasons and for both branches are summarized in Fig. 3 . For the northern branch (Fig. 3a) , the poleward extension in all three reanalyses mainly occurs in the boreal summer and autumn. In contrast, trends in the boreal winter and spring are either very small or slightly negative (equatorward shrinking of the northern branch). The extension in the summer and autumn seasons is about 2.5 • in these reanalyses except in the ERA40 where it goes up to 5 • in JJA. Similarly, the poleward extension of the southern branch mainly occurs in the austral summer and autumn (Fig. 3b) . The poleward shifts of the poleward edges in these seasons since 1979 are about 1.0 • , 2.0 • , and 3.0 • , respectively, in the ERA40, NCEP/NCAR, and NCEP/DOE reanalyses, which are generally smaller than those for the northern branch. Note that in both hemispheres student t-test values for the summer and autumn trends in Figs. 3a and b are all larger than 2.0 (above the 95% confidence level), whereas the relatively weak trends in winter and spring in both hemispheres are statistically insignificant. Figure 3c shows the total expansion of the Hadley circulation in three reanalyses for four seasons. The total expansion is the summation of trends in Figs. 3a and b . The seasonal expansions from NCEP/NCAR and NCEP/DOE in last 27 years are about 2.7 • and 3.1 • , respectively, with little seasonal dependence. However, the expansion in ERA40 ranges from about 1 • in March-May (MAM) to about 5 • in JuneAugust (JJA). Such a large seasonal variation in the total expansion, which is inconsistent with the other two reanalyses and the OLR results (as will be discussed below), could be largely due to the problems in ERA40 (Trenberth and Smith, 2006) . But the annual-mean expansion of the Hadley circulation from ERA40 is 2.6 • (that can be roughly converted to 2.9 • by linearly extrapolating to last 27 years), which agrees well with those from NCEP/NCAR and NCEP/DOE. The agreement among three reanalysis results is very encouraging, particularly in view of the significant differences in the climatological states of the Hadley circulation in these reanalyses (Mitas and Clement, 2005) : the intensity of the Hadley circulation from ERA40 is much stronger than that in NCEP/NCAR and NCEP/DOE, while the maximum MMS in NCEP/DOE (at about 800 hPa) is centered much lower than those in ERA40 and NCEP/NCAR (at about 450 hPa). It is obvious that in all three reanalyses the Hadley circulation has become wider in almost all seasons during the past 24-27 years.
Poleward expansion in OLR
The subsidence regions of the Hadley circulation, because of the dryness of the troposphere and lack of high clouds, can be identified as the region with high OLR. For the OLR records the locations of the poleward edges of the Hadley circulation are roughly defined as the most poleward latitude at which the zonal mean OLR is equal to 250 W m −2 . Figure 4 shows the zonally averaged temporal evolution of the OLR from the Significant poleward extension in the Southern Hemisphere can also be found in HIRS OLR datasets. Time evolution of zonal-mean HIRS OLR in the Southern Hemisphere is illustrated in Fig. 5 . Similar to the Northern Hemisphere, the 250 W m −2 OLR contour shows poleward (southward) expansion in all the four seasons, with a magnitude of about 2.0 • latitudes. In contrast to the reanalysis results, these trends in OLR-contour latitudes in both hemispheres exhibit similar magnitudes for all seasons. At the current stage, it is not clear to us why there is a difference in the seasonal dependence between the reanalyses and OLR datasets. Our research is currently under way to investigate such a difference.
The OLR temporal evolutions in ISCCP FD and GEWEX RFA are similar to those in Figs The poleward expansion of the Hadley circulation can be also measured by the poleward shift of the jet streams because the subtropical jet streams mark the poleward limit of the tropical Hadley circulation. We derived the poleward shifts of subtropical jet streams for different seasons using the MSU-inferred tropospheric temperature trends for 1979 (Mears et al., 2003 Fu et al., 2004; Johanson and Fu, 2006) using the geostrophic relation. It is found that the northern subtropical jet stream exhibited a northward shift in most seasons with the largest shift occurring during the boreal summer. The southern subtropical jet stream has exhibited the largest shift in the austral summer. That the largest poleward shifts of subtropical jet streams occur in summer in both hemispheres is consistent with the reanalysis results. The total expansions of the Hadley circulation based on MSU observations are 2.4 • and 2.2 • in DJF and JJA, respectively, which are within the ranges of those derived from the reanalyses and OLR datasets.
Discussion and conclusions
Using three reanalysis, three OLR and one MSU datasets, we have shown evidence that the Hadley circulation has poleward expansion since 1979. The magnitudes of total expansion range from 2 to 4.5 degree latitudes. The magnitudes estimated here are consistent with those derived from other observational quantities including total ozone (Hudson et al., 2006) and tropopause heights (Seidel and Randel, 2007 1 ). In a Lagrangian analysis Fueglistaler and Haynes (2005) found a broadening of the latitudinal density distribution of the Lagrangian cold point, which might be an indication of a broadening of the tropical upwelling. The analyses of multidatasets enhance our confidence on our conclusion about the observed expansion of the Hadley cell since 1979.
One important question remains related to above results: what causes the expansion of the Hadley circulation? At the current stage of our knowledge, there are no clear answers to this question. Here, we present some qualitative discussion following the theoretical arguments by Held and Hou (1980) and Held (2000) on the factors which possibly influence the width of the Hadley circulation. Under assumptions of angular momentum conservation and thermal wind balance, the width of the Hadley circulation is determined by the tropical tropopause height, pole-equator temperature difference and the global mean radiative equilibrium temperature. For the case of greenhouse-induced global warming, the global mean temperature becomes larger, which would lead to a narrower Hadley circulation according to the theoretical argument by Held and Hou (1980) . However, increasing greenhouse gases will also cause tropical sea surface temperature warming, which would lead to a higher tropical tropopause height and thus a broader Hadley circulation. Santer et al. (2003) have found from reanalyses that the tropical tropopause height increased by several hundred meters between 1979 and 1999. Their GCM simulations showed that human-induced stratospheric ozone depletion and increasing greenhouse gases account for 80% of the simulated rise in tropopause height. Global warming is also accompanied with changes in meridional temperature gradients. From Fu et al. (2006) , the poleequator temperature difference in the NH troposphere generally decreases. Based on Held and Hou's argument, the weakening in the pole-equator temperature difference would lead to a narrower Hadley circulation. However, the argument in Held and Hou (1980) was based on the eddy-free assumption. In the presence of extratropical eddies, angular momentum conservation will break down at the edges of the Hadley circulation, as pointed out by Held (2000) . Thus, the activity of extratropical waves has important influences on the width of the Hadley circulation. Consider that changes in meridional temperature gradients must cause changes in baroclinic wave activity. A smaller temperature difference would cause weaker baroclinic wave activity, which allows angular momentum conservation extending further poleward (Held, 2000) . Thus, the Hadley circulation becomes broader. For SH, the results by Fu et al. (2006) show a stronger warming in the north of 30 • S and weaker warming at higher latitudes. Though temperature gradients in the southern extratropics become larger, temperature gradients in the southern subtropics are reduced. It indicates a weakening of baroclinic instability in the southern subtropics, also suggesting a broader Hadley circulation in SH. Note that the above is some qualitative discussion. The relationships between the broadening of the Hadley circulation and these factors need to be quantified.
To examine whether increasing greenhouse gases can cause a broadening of the Hadley circulation, Lu et al. (2007) analyzed results from GCM simulations with 21st century greenhouse gas scenarios in the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC). They found a robust widening of the Hadley circulation. But the simulated expansion (∼0.6 • latitude per degree global warming, e.g., from the AR4 A2 scenario simulations) is about an order of magnitude smaller than those based on observations (∼6 • latitude/K by considering an about 3 • latitude expansion corresponding to the 0.5 K global warming for 1979-2005). Lu et al. 2007) showed that the widening of the Hadley circulation in the AR4 simulations has little correlations with variations in the tropical tropopause height, but has statistically significant positive correlation with a weakening of baroclinic instability in the extratropics. Therefore, they argued that the poleward expansion of the Hadley circulation in the AR4 simulations is caused by the weakening of baroclinic wave activity in the extratropics due to increasing greenhouse gases.
The observed expansion since 1979 might be due to increasing greenhouse gases as well as the ozone depletion (Polvani and Kushner (2002) showed that stratospheric polar cooling leads to a poleward shift of subtropical tropospheric jet streams). If so, the observed large expansion would provide a unique test-bed for examining our understanding of such expansion and GCMs' ability to simulate it. Such a test could be fundamentally important because of the critical role of the Hadley circulation in transporting energy poleward. The reconciliation between model simulations and observations on the Hadley circulation expansion may help improve our understanding of the small equator-to-pole surface temperature gradients during the Eocene (Crowley and Zachos, 2000) , if the increased atmospheric heat transport is the dominant process for maintaining such weak temperature gradients.
The poleward expansion of the Hadley circulation may also be affected by regional factors (Menon et al., 2002 , Ramanathan et al., 2005 . For example, Fu et al. (2006) showed that the enhanced midlatitude summer tropospheric warming was much larger over northern China than the warming at other longitudes (see their Fig. S4) . Results of GCM simulations suggest that the increase in black-carbon concentration in southern China might cause changes in the local meridional circulations, with enhanced rising motions in the south and subsidence in the north of China (Menon et al., 2002) . It was suggested that such changes in the local circulation due to anthropogenic aerosols caused floods in the south and droughts in the north of China. These changes in regional atmospheric circulations may also contribute to the poleward extension of the zonally averaged Hadley circulation.
The belt of subtropical subsidence motions extends toward higher latitudes as the Hadley circulation expands poleward regardless of the cause. Because subsidence causes adiabatic heating and suppresses convection, this poleward extension would lead to midlatitude tropospheric warming and a poleward extension of subtropical dry zones. This would contribute to an increased frequency of droughts in both hemispheres (Hoerling et al., 2001 , Lau et al., 2005 . Using precipitation data from the Global Historical Climatology Network, Zhang et al. (2007) recently found a decrease in subtropical precipitation in NH between 1925 and 1999. It is possible that such a decrease in subtropical precipitation is related to the poleward expansion of the subtropical dry zone. Zhang et al. (2007) also pointed out that the simulated decrease in subtropical precipitation by GCMs is much weaker than observations. The disagreement between simulated and observed precipitation (Zhang et al., 2007) and the discrepancy of the expansion rate of the Hadley circulation between simulations (Lu et al., 2006) and reanalyses suggest that current GCMs may not have the capability to well simulate changes in the Hadley circulation.
The poleward expansion of the Hadley circulation may also have important impacts on stratospheric climate. This is because the tropics is the key region for tropospherestratosphere exchange (e.g., Rosenlof, 2002; Fueglistaler and Haynes 2005) . Moreover, Hudson et al. (2006) showed that about 35% of the observed total ozone trend in the Northern Hemisphere since 1979 is due to northward movements of subtropical and polar fronts in the upper troposphere. The change in the key stratospheric composition would lead to stratospheric climate changes.
